The anti-Toxoplasma activities of nine antiretroviral drugs were examined in vitro. Nucleoside analogs had no effect on parasite growth, whereas ritonavir and nelfinavir were inhibitory for Toxoplasma, with 50% inhibitory concentrations of 5.4 and 4.0 g/ml, respectively. None of the antiviral drugs affected the anti-Toxoplasma activity of pyrimethamine or sulfadiazine.
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In human immunodeficiency virus (HIV)-infected patients, the recommended treatment or prophylaxis for toxoplasmic encephalitis is a combination of a sulfonamide and a dihydrofolate reductase inhibitor (8, 13 ). An additional therapeutic benefit can also be expected from antiretroviral therapy through the restoration of host antimicrobial immunity. However, one study showed that azidovudine (AZT) negatively interfered with the antiparasitic effect of pyrimethamine (7); in contrast, didanosine (ddI) was found to have in vitro and in vivo activity against Toxoplasma gondii (12) . Thus, our objective was to extend these studies by testing the anti-Toxoplasma activities of five nucleoside analogs and four protease inhibitors and their possible in vitro interaction with pyrimethamine and sulfadiazine, as first-line anti-Toxoplasma drugs.
We used tachyzoites of the virulent RH strain of T. gondii. Tissue cultures and drug tests were carried out using MRC5 fibroblast tissue cultures as previously described, with quantification of Toxoplasma growth by enzyme-linked immunosorbent assay (ELISA) (4) . The following drugs were tested: AZT, lamivudine, ddI, stavudine, zalcitabine, ritonavir, indinavir, nelfinavir, and saquinavir. Stock solutions (10 mg/ml) were prepared in distilled water, except for ritonavir, which was dissolved in methanol, and saquinavir, which was dissolved in 50% methanol-50% acetone. Pyrimethamine and sulfadiazine (Sigma) were dissolved at 1 mg/ml in 50% methanol-50% acetone. Serial dilutions were then prepared in culture medium. Each antiviral drug was tested at serial concentrations ranging from 5 ϫ 10 Ϫ5 to 100 g/ml (final concentration). Each concentration was tested in eight replicate wells and in two replicate culture plates. For assessing the interaction between drugs, combinations of three concentrations of each antiparasitic drug and four concentrations of each antiviral drug were tested in a two-dimensional test. From the results of previous experiments (4) and from individual tests of antiviral drugs, we selected concentrations that resulted in a range of inhibition from noninhibitory to completely inhibitory. For antiviral drugs that had no anti-Toxoplasma activity, we selected the highest concentration that was found to be nontoxic for the monolayer and three fivefold dilutions of this concentration. Each experiment used two or three replicate plates in which each drug or drug combination was tested in four replicate wells. All experiments were repeated twice. The effect of each drug at various concentrations was described by plotting the optical density (OD) values generated by the ELISA as a function of the logarithm of the concentration. A linear regression model was used to summarize the concentration-effect relationship and to determine the 50% inhibitory concentration (IC 50 ). The effect of the drugs in combination was tested by using a two-way analysis of variance which included the estimation of an interaction factor (4).
ddI, zalcitabine, stavudine, and lamivudine had no inhibitory effect on Toxoplasma growth, and no toxicity to the monolayers was observed by microscopic examination. With AZT and indinavir, an inhibitory effect was noted at 100 g/ml without significant toxicity to the host cells ( Fig. 1A and B) . Saquinavir was inhibitory at concentrations of Ն20 g/ml, which were also found to be toxic for the monolayers. Ritonavir and nelfinavir were inhibitory for Toxoplasma at concentrations of Ͻ10 g/ml ( Fig. 1C and D) . Both ritonavir and nelfinavir were noninhibitory at concentrations of Յ2 g/ml, and a marked increase of the inhibitory effect was observed with between 2 and 10 g/ml, the concentration at which Toxoplasma growth was completely inhibited. A toxic effect on the monolayers was noted with nelfinavir at 20 g/ml and with ritonavir at 40 g/ml. The IC 50 s were estimated to be 5.4 g/ml (95% confidence interval, 4.5 to 6.9 g/ml) for ritonavir and 4.0 g/ml (95% confidence interval, 3.4 to 5.2 g/ml) for nelfinavir.
With the two-way analysis of variance that was used for assessing the drug combinations, the effect of each drug and the interaction effects of drugs in combination were estimated, taking into account the individual effect of each drug as well as the intra-and interplate variability. The synergistic effect of the combination of pyrimethamine with sulfadiazine was confirmed (Table 1) , and combinations of one of the antiretroviral drugs with pyrimethamine or sulfadiazine were analyzed. For all combinations tested, there was no significant interaction 
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on October 13, 2017 by guest http://aac.asm.org/ effect. Drugs that individually had no inhibitory effect against T. gondii did not alter or enhance the anti-Toxoplasma activity of sulfadiazine or pyrimethamine. When antiretroviral drugs that were found to have an inhibitory effect on T. gondii were combined with pyrimethamine or sulfadiazine, an additional but not synergistic effect resulted (Tables 2 and 3 ). We conclude that these antiviral drugs had no interaction effect in vitro on the anti-Toxoplasma activity of pyrimethamine or sul- fadiazine. In particular, we found no antagonistic effect between AZT and pyrimethamine, as had been previously reported by Israelski et al. (7), and this was confirmed with four other nucleoside analogs.
Our study revealed that several antiretroviral drugs were inhibitory for T. gondii. In contrast to Sarciron et al. (12), we found no inhibitory effect with ddI at concentrations up to 100 g/ml. There is no clear explanation for this discrepancy, except that we used a more virulent strain of T. gondii and that cultures were prepared with fibroblasts instead of phagocytic THP1 cells. We found that ritonavir and nelfinavir were highly inhibitory for Toxoplasma growth, with IC 50 s of 5.4 and 4.0 g/ml, respectively (i.e., concentrations that can be achieved in humans [5, 6, 9, 10] ). The mode of action of HIV protease inhibitors on T. gondii remains to be elucidated. Indeed, several proteases already have been found in protozoa (3, 11) , but evidence of the target enzyme of HIV protease inhibitors, i.e., aspartyl protease, has not yet been found in T. gondii. Our data suggest that this enzyme is present in T. gondii and that it plays a role in parasitic replication. Recent data showing that aspartyl protease is also present in fungi and can be inhibited by anti-HIV protease inhibitors (1, 2) also indicate that this enzyme could be a target for various microorganisms. In these other two studies, ritonavir was a potent inhibitor of Candida albicans and Pneumocystis carinii, as we found in this study for T. gondii. In addition to this direct pharmacological effect on parasitic growth, ritonavir and nelfinavir also may have an indirect effect on the host cell through enhancement of the respiratory burst of neutrophils (D. Ghanimi, A. Perianin, J. Morini, M. Levacher, I. Florentin, J. Giroud, and B. Rouveix, Abstr. 39th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 1831, 1999). This mechanism could be of particular importance for an intracellular parasite such as T. gondii. 
